arsono group, -AsO3H2, has the property that its esters hydrolyse spontaneously. This has been applied in biochemistry (Braunstein, 1931) mainly to arsenate itself. Enzymes often transform analogues of their substrates in which -O-AsO3H2 replaces -O-PO3H2 (see, e.g., Lagunas, 1980; Lagunas & Sols, 1968; Long & Ray, 1973) , but the usefulness of such analogues is limited by their rapid hydrolysis. The arsonomethyl (-CH2-AsO3H2) analogues of substrates, however, might be transformed by enzymes, but could not be stably incorporated into analogues of phosphoric diesters, so would have different effects on metabolism. Such an analogue of ADP was made in this laboratory (Webster et al., 1976) and proved to be a poor substrate for enzymes. Since the substitution of -CH2-for -0-is poorly tolerated by enzymes that handle diphosphate or its residues, we decided to make 4-arsono-2-hydroxybutanoic acid, an isosteric analogue of 3-phosphoglycerate, and study its interaction with enzymes. The synthesis used was an adaptation of one used for the corresponding phosphonomethyl analogue (Dixon & Sparkes, 1974 (Kamiya et al., 1983 ).
Methods
Paper electrophoresis was used for assessing the products of reactions. We used the systems specified by Webster et al. (1978) for electrophoresis; arsenates were detected on paper by their Fe3+_ chelating power (Wade & Morgan, 1953) .
The rate of reaction catalysed by phosphoglycerate kinase (EC 2.7.2.3) was measured by following the fall of absorbance at 340nm due to the oxidation of NADH in a coupled assay with glyceraldehyde-phosphate dehydrogenase (EC 1.2.1.12) (Scheme 2). The assay mixture (total volume 2.5ml) contained 160mM-triethylenetetramine, 32mM-EDTA (disodium salt), 40mM-MgCl2, 2 mM-hydrazine, 6 mM-ATP, 0.14 mM-NADH, 200,g of rabbit glyceraldehyde-phosphate The chloroform was then distilled off at atmospheric pressure. When nothing more distilled at 61 0C, the mixture was subjected to distillation at water-pump vacuum (about 12 mmHg, about 1.6 kPa). A fraction distilling below 900C (mainly near 250C) and containing AsCl3 and the excess of thionyl chloride was discarded, and the fraction distilling at 93-940C, dichloro-(2-chloroethyl)arsine, Cl-CH2-CH2-AsCl2, was collected. The yield was 64 g (30%). After the distillation all residues and glassware were treated with alkaline H202 to render AsCl3 and dichloro-(2-chloroethyl)arsine less toxic and less volatile before removal from the fume cupboard. The product was suspended in water, and H202 was added until an excess was present; the solution was filtered and evaporated to dryness on a rotary evaporator with the bath at 500C to minimize decomposition while the HCl was removed. The residue was dissolved in hot acetone and crystallized on cooling and addition of diethyl ether. The yield was 30g (16%). The residual liquid proved by paper electrophoresis to contain arsenic acid, H3AsO4, as well as chloroethylarsonic acid.
2-Amino-4-arsonobutanoic acid,
H203As-CH2-CH2-CH(NH2)-CO2H. 2-Chloroethylarsonic acid (7.54 g, 0.04 mol) was esterified by boiling in 1SOml of propan-l-ol under reflux, and slowly distilling off, up a fractionating column, the azeotrope of propanol and water until the boiling point reached that of propanol. This solution was concentrated to about 50ml and added to 40ml of 100% ethanol in which there had been dissolved 1 g of sodium (0.04 mol) and 8.68 g (0.044mol) of diethyl acetamidomalonate. A precipitate, presumably NaCl, appeared at once, and the solution was left to stand for 2h. After filtration through glass-fibre paper the solvent was removed by rotary evaporation and the residue was boiled under reflux with 150ml of 6M-HCl for 1h. The solution was evaporated to dryness.
Amino acids were separated from other acids by adsorption on the sulphonic resin Zerolit 225 SRC 15 (H+ form). The sample was dissolved in about lSOml of water, passed through a 20cm x 2.5cm column of the resin, and was washed through with about 120 ml of water. The amino acids were displaced by washing with 0.5 M-NH3. The effluent was evaporated to dryness, dissolved in water and diluted until the conductivity was below that of a solution of 25mM-pyridine and 50mM-formic acid (volume about 750 ml). Half this solution was worked up at a time, as follows. It was passed through a column (52cm x 3.6cm diam.) of the same resin equilibrated with a solution of 25mM-pyridine and 50mM-formic acid, and eluted with this solution. The fractions that contained the product, which emerged before glycine, were identified by paper electrophoresis at pH2.0 and staining with ninhydrin. They were combined and evaporated to dryness. These fractions represented about 0.6-1.3 column volumes from the start of application of the sample. The pooled material from two such columns crystallized and was repeatedly evaporated after addition of water until no smell of pyridine remained. It was stirred with acetone and filtered off.
The yield was 2.8g (1 1.4mmol, 29% on 2-chloroethylarsonic acid).
Elemental analysis gave C, 20.37; H, 4.77 (Kamiya et al., 1983) which showed that the compound was a hydrate with one molecule of water of crystallization.
4-Arsono-2-hydroxybutanoic acid,
H203As-CH2-CH2-CH(OH)-CO2H. are: C, 45.0; H, 8.2; N, 6.6%. Paper electrophoresis showed only the one spot capable of binding Fe3+ when performed at pH 2, at pH 3.5 and at pH 6.5.
Results
The arsonomethyl analogue of 3-phosphoglycerate proved to oxidize NADH provided that both phosphoglycerate kinase and glyceraldehyde 3-phosphate dehydrogenase were added. We infer from this that it interacts with these enzymes as shown in Scheme 2. With the enzyme concentrations given in the Methods section, the rate was found not to change when the concentration of the dehydrogenase was doubled, and controls gave undetectable rates in the absence of the kinase. The system was therefore suitable for measuring kinetic characteristics, and their values, derived from direct linear plots (Eisenthal & Cornish-Bowden, 1974) , are given in Table 1 . Michaelis kinetics were shown by the analogue, but not by 3-phosphoglycerate, as previously noted by Orr & Knowles (1974) ; the characteristics given for it are those of the Michaelis kinetics approached at low substrate concentrations. The measurements were made at pH 8.5 in 6 mM-ATP. Reproducibility suggested that the values shown have probable errors of less than 10%. The catalytic constants are derived from specific limiting rates by using a value of 47 kg/mol for the molar mass of the enzyme (Krietsch & Bucher, 1970 1, first four steps), and who found in step 2 that a phase of dichloro(hydroxyethyl)arsine separated when it was formed in aqueous solution, we have seldom found it to do so, even when made from the crystalline cyclohexylammonium salt of hydroxyethylarsonic acid. We have therefore modified the published method by adding a large excess of HCl so that we can extract the dichloro(hydroxyethyl)-arsine from aqueous solution without its being hydrolysed to the arsenoxide. Esterification of arsonic acids (Scheme 1, step 5) is best achieved with propanol, because its azeotrope with water boils at a much lower temperature than propanol itself. The route thereafter follows a pathway similar to the synthesis by two of us of the phosphonomethyl analogue (Dixon & Sparkes, 1974 .
Discussion

Substrate properties
The results in Table 1 show that replacement of -O-PO3H2 by -CH2-AsO3H2 has little effect on the Km of phosphoglycerate kinase (at a fixed ATP concentration). This is all the more remarkable as the analogue was used as the RS-compound, and as even at the high pH used (8.5) not all of it would exist as the trianion, shown by Orr & Knowles (1974) to be the reactive form of the substrate.
Despite the low Km, however, the analogue is only a poor substrate with respect to its catalytic constant, which is 1000-fold lower than that for phosphoglycerate. We may speculate that the binding is tight, but that the carboxy group is slightly displaced so that its phosphorylation by ATP is slowed.
Although the arsonomethyl analogue of 3-phosphoglycerate proves to be only a poor substrate for phosphoglycerate kinase, the facts that it is one and that it binds well to the enzyme suggest that further investigation of such compounds as possible metabolic inhibitors is justified.
